Objective: To determine the impact of Zika virus (ZIKV) infection on brain structure and functional organization of severely affected adult patients with neurological complications that extend beyond Guillain-Barr e Syndrome (GBS)-like manifestations and include symptoms of the central nervous system (CNS). Methods: In this first case-control neuroimaging study, we obtained structural and functional magnetic resonance images in nine rare adult patients in the subacute phase, and healthy age-and sex-matched controls. ZIKV patients showed atypical descending and rapidly progressing peripheral nervous system (PNS) manifestations, and importantly, additional CNS presentations such as perceptual deficits. Voxel-based morphometry was utilized to evaluate gray matter volume, and resting state functional connectivity and Network Based Statistics were applied to assess the functional organization of the brain. Results: Gray matter volume was decreased bilaterally in motor areas (supplementary motor cortex, specifically Frontal Eye Fields) and beyond (left inferior frontal sulcus). Additionally, gray matter volume increased in right middle frontal gyrus. Functional connectivity increased in a widespread network within and across temporal lobes. Interpretation: We provide preliminary evidence for a link between ZIKV neurological complications and changes in adult human brain structure and functional organization, comprising both motor-related regions potentially secondary to prolonged PNS weakness, and nonsomatomotor regions indicative of PNS-independent alternations. The latter included the temporal lobes, particularly vulnerable in a range of neurological conditions. While future studies into the ZIKV-related neuroinflammatory mechanisms in adults are urgently needed, this study indicates that ZIKV infection can lead to an impact on the brain.
Introduction
Since the beginning of the current Zika virus (ZIKV) outbreak in 2015, 3-4 million adults have been infected, a subset of which has suffered severe neurological complications. 1 According to the WHO, 79 countries have reported ZIKV systemic infections as of March of 2017, including 21 with documented neurological syndromes in adults.
Evidence supporting the association of ZIKV infections with neurological complications in adults is increasing. 5 Most of the reported neurological complications consist of Guillain-Barr e Syndrome (GBS), with incremented incidence during ZIKV outbreaks. [6] [7] [8] Remarkably, manifestations in ZIKV patients often deviate from traditional GBS, with rapid onset and progression, 6 ,9 nontypical descending pattern, 10 and CNS symptoms. 11, 12 The documented number of cases affecting the CNS is growing, including entities like encephalitis, meningitis, meningoencephalitis and myelitis. [12] [13] [14] [15] [16] There are documented cases of patients reporting memory impairments, cognitive declines, 17 coma, positive Babinski sign, delusions and hallucinations. 18 Furthermore, the presence of the virus in the CNS has been demonstrated in the cerebrospinal fluid (CSF) in adult patients with CNS manifestations. 15, 18 In summary, the growing evidence of ZIKV infection linked to neurological presentations ranges from peripheral nervous system (PNS)-exclusive alterations, 7, 8 reported mixed PNS/CNS symptoms 11, 15, 18 to fatal CNS inflammatory disease. 16 Collectively, these observations suggest that neurological complications in ZIKV may extend beyond the PNS.
Consequently, there is an urgent need for case-control studies to neurobiologically characterize the relationship between ZIKV and CNS manifestations. 11 The current study focused on adult patients presenting ZIKV-related central neurological manifestations in addition to peripheral symptoms. Our main goal was to reveal and characterize potential structural and functional changes in the brain of adults with ZIKV-related neurological complications. The central hypothesis was that ZIKV patients whose neurological complications included central nervous manifestations would show changes in brain structure and functional organization. For this purpose, we acquired neuroimaging data in nine rare patients in the subacute stage of their neurological syndrome who presented with a variety of nonclassical GBS as well as CNS-exclusive symptoms (e.g., prosopagnosia, dysmorphopsia, and photophobia), and in matched healthy controls. Data were acquired in the Dominican Republic, endemic for Aedes mosquito-borne diseases. We focused analysis efforts on gray matter volume and resting-state functional connectivity (rsFC). Gray matter volume morphometry has proven informative in other PNS diseases with axonal damage 19, 20 and central inflammatory processes (both infections [21] [22] [23] and noninfectious 24, 25 ). Regarding brain function, whole-brain network analysis of rsFC has proven a powerful tool to elucidate distributed functional brain reorganization due to neuroinflammation, and to contribute clinically useful key prognostic indicators, [26] [27] [28] for example, in virus-borne neuro-inflammations including N-methyl-D-aspartate receptor encephalitis and HSE. [29] [30] [31] Materials and Methods
Participants
We acquired clinical and MRI data in nine patients (3 females, Age = 35 AE 4.46, range: 30-45 years) in the subacute stage (5 AE 0.5 months since onset of neurological symptoms) with at least one CNS-related manifestation as detailed in Table 1 . Nine healthy age-and sex-matched controls also underwent MRI (see Table 1 ). Recruitment and clinical assessment occurred at Hospital Salvador B. Gautier, Santo Domingo, Dominican Republic, and MRI data were acquired at Centro de Diagn ostico Medicina Avanzada y Telemedicina (CEDIMAT), Santo Domingo, Dominican Republic. All subjects gave written informed consent according to procedures approved by the Internal Review Boards of the University of Illinois at UrbanaChampaign, IL, USA, Hospital Gautier, and CEDIMAT. All patients presented an abrupt onset of neurological deterioration with variable time periods between systemic manifestation and neurological symptoms. Only patients with stable cognitive and clinical status were MRI-scanned (Mini Mental State Examination ≥ 23 and Glasgow scale ≥ 13).
Immunologic testing was used to confirm previous ZIKV infection (IgM/IgG enzyme-linked immunosorbent Patients were diagnosed with a GBS-like syndrome by clinical manifestations and electromyography (EMG) in all patients, and CSF testing (i.e., albuminocytologic dissociation; see Clinical profile section) in eight of the patients. Nerve velocity conduction using EMG (EMG/ NVC) was assessed by investigator L.T. during the acute stage. The exclusion of other entities with potential direct impact on the CNS, such as viral encephalitis, acute disseminated encephalomyelitis (ADEM), and meningitis were ruled out by the treating neurologists based on clinical manifestations, CSF test results, and EMG (see Clinical profile below for a detailed description). Disability due to the peripheral neuropathy was measured by Hughes modified scale at admission and discharge (see Table 1 ). In accordance with the Dominican Protocol (2016) for the management of GBS, patients were treated with immunoglobulins (2 g/kg divided in 2-5 doses of antibodies unlikely to affect brain function) during the first 5 days of onset of neurological manifestations. Patients did not receive specific medication or treatment at time of scan.
Clinical profile
Beyond one or more CNS-related manifestations in each patient in both acute and subacute phases (Table 1) , GBS presentation in six patients showed atypical features in the form of onset with descending paresthesias, facial diplegia, dysphagia and/or dyspnea. The onset of the neurological symptoms occurred in a short period of time (8.8 days (AE4.91)) from the Zika infection, and were abruptly disabling. T2/FLAIR images, acquired during subacute stage, were normal as assessed by neuroradiologist P.S. From the 9 patients, 8 exhibited an albuminocytologic dissociation of CSF markers, defined as elevated protein (>45 mg/dL, and up to 1800 mg/dL in our patients) without increase in white blood cell count (<10 cell/per mm 3 ). Albuminocytologic dissociation is a characteristic feature of GBS, present in around 90% of the cases. 32, 33 The low pleocytosis is also an exclusion parameter for other entities like viral encephalitis, ADEM, meningitis, Citomegalovirus poliradiculitis and sarcoidosis, in which white blood cell is expected to be elevated (>50 cells/per mm 3 ). 33 The Mini Mental Status Examination did not show severe cognitive dysfunction at the onset of the neurological symptoms or at time of MRI scan (mean = 28.5, AE2.2, range = 23-30, only one subject below 27). In all patients, EMG/NVC values during the acute phase were compatible with an acute demyelinating inflammatory polineuroradiculopathy with a mixed component (myelin + axonal damage) that was predominantly axonal. 34 Specifically, the findings showed prolonged latency (Upper Limb: >4.2 msec for motor and >3.6 msec for sensory; Lower Limbs: >5 msec for motor and >3.6 for sensory), including prolongation of F wave for both upper and lower limbs (>32 and >50, respectively). EMG/NVC also showed reduced amplitudes (Upper Limbs: <5 mV; Lower Limbs: <3.5 mV) and prolongation of NVC (Upper Limbs: >50 m/sec; Lower Limbs: >40 m/sec). . Additionally, we compared the number of fMRI volumes that pass the FD and DVARS threshold (both at 0.5). The number of suprathreshold volumes did not differ significantly between controls and patients (FD: P = 0.83 and DVARS: P = 0.47, Wilcoxon rank-sum).
MRI data acquisition and processing
Since nonparametric permutation tests provide a control for false positives without strong a priori assumptions about the data, they are more robust for small sample sizes than more commonly applied parametric statistics. 36, 37 In the following, we describe permutation-based statistics applied to volumetric and functional connectivity analyses.
Gray matter volume analysis
Voxel-Based Morphometry (VBM) analysis permits identification of regional gray matter volumetric decreases linked to processes like neuronal reorganization, reduced number of synapses, necrosis, and loss of cell density, 38 and volumetric increases related to augmented synaptogenesis, neural hyper-activation, or the input of a constant stimulus. 39 This method has shown volumetric increases and decreases in other PNS diseases with axonal damage 19, 20 and central inflammatory processes. [21] [22] [23] [24] [25] We used the Diffeomorphic Anatomical Registration with the Exponentiated Lie algebra (VBM-DARTEL) algorithm, 40 within the Statistical Parametric Mapping toolbox (SPM8) in MATLAB, and the Statistical nonParametric Mapping tool (SnPM) for statistical analysis (ref: https://warwick.ac.uk/snpm). The MPRAGE files were manually reoriented to the anterior commissure. DARTEL tools were used to segment different tissues types, creating probabilistic maps for each type. We then averaged all segmented images of each group and, after 6 iterations, created a group template by co-registering all the images in each group, followed by normalization to the Montreal Neurological Institute (MNI) stereotactic space. To this end we multiplied the produced image by the predetermined voxel volume of each area, therefore obtaining modulated images, which allow comparisons preserving the amount of brain tissue (e.g., volume). Finally, we smoothed all the images with an 8 mm full width half maximum Gaussian filter. The VBM wholebrain analysis consisted of one-sided two-sample t-tests between patients (PX) and controls (CT) (PX > CT and CT > PX). We used permutation tests using SnPM, establishing the null distribution in 10000 permutations. Only voxels with significant amount of gray matter in our final probabilistic maps were included (absolute voxel threshold of 0.2), preventing misclassification of low variance voxels and edge effects at tissue boundaries. We also used an additional explicit gray matter mask that was created through averaging of subjects' images. ANCOVA correction covariates comprised total intracranial volume (the sum of gray matter, white matter, and CSF volumes) and age. Clusters larger than 50 voxels (50 mm 3 ) passing voxel-level corrected significance threshold (familywise error (FWE) corrected to P < 0.025) are reported.
rsFC
To identify distributed changes to large-scale functional connectivity, it is useful to analyze the brain's intrinsic functional organization as a connected graph (the socalled human connectome), with brain regions represented as graph nodes, and connections between regions as graph edges. 41 Networks of changed connectivity in whole-brain graphs, for example, in patient-control comparisons, can be delineated using Network-Based Statistics (NBS) without a priori restriction to regions or networks of interest. 42 This method has been shown to elucidate the topological reorganization of brain pathologies such as mild cognitive impairment 43 and epilepsy. 44 For rsFC analysis, fMRI volumes were slice-timing corrected and realigned for head motion correction using SPM12 within MATLAB. T1 Images were used to divide the brain into 160 anatomical regions (Destrieux atlas 45 + Freesurfer subcortical segmentation, 46 Freesurfer 5.3.0, https://surfer.nmr.mgh.harvard.edu/) in individual subject space. We chose this particular parcellation scheme in order to make results easily comparable to previous connectomics studies, and to allow automated objective extraction of clinically relevant anatomical labels. Atlas regions were coregistered to fMRI images using FSL (V5.0, https://fsl.fmrib.ox.ac.uk/). For each region, the temporal BOLD-signal averaged across all respective voxels was extracted. Six linear head motion parameters, CSF, white matter signal and global gray matter signals were regressed out of the averaged regional BOLD-signal. We used the R-Brainwaver package (V1.6, https://cran.r-project.org/web/packages/brainwaver/index. html) for wavelet transformation of the time series. We kept the third scale of the wavelet coefficients (according to a frequency of 0.031-0.63 Hz 47 ). Pearson's correlation between those wavelet-filtered time series of each pair of the 160 extracted regions was calculated to define a whole-brain functional connectivity matrix. The correlation values were then Fisher z-transformed, resulting in a final 160 9 160 functional connectivity matrix. To identify networks of altered functional connectivity, the weighted and undirected connectivity matrices underwent statistical comparisons across patients and controls using NBS. 42 NBS is a nonparametric cluster-based approach to finding connected sets of nodes that significantly differ across connectivity matrices, controlled for multiple comparisons by comparing the found network size of significant nodes at an uncorrected statistical threshold to network sizes found when permuting group labels (here we use n = 5000 permutations). We report results at NBS-corrected threshold P < 0.05 following an auxiliary connection-wise threshold of P < 0.0012.
Results
Here, we employ VBM to localize potential volumetric gray matter changes, and NBS analysis of rsFC to investigate whether CNS manifestations in ZIKV patients may be linked to changes in the intrinsic functional network organization of the brain.
Gray matter volume
Using whole-brain analysis of gray matter (Fig. 1,  Table 2 ), we found regional volumetric increase in right middle frontal gyrus in patients compared to controls. Contrastingly, we observed more widespread gray matter volume declines in bilateral supplementary motor area (SMA, specifically Frontal Eye Fields), and left inferior frontal sulcus.
rsFC
To better understand distributed changes in functional connectivity and alterations in complex topological network properties, we applied graph analysis and NetworkBased Statistics to resting-state fMRI data. We observed a large-scale network of increased functional connectivity in ZIKV patients (t-test, single connection threshold T ≥ 3.6, P < 0.05, NBS-corrected for multiple comparisons). This network was anchored in the temporal regions of the right hemisphere (centered in the superior temporal lobe and lateral sulcus) but also comprising interhemispheric connections to left temporal regions (Fig. 2) . Detailed names and coordinates of the connected regions can be found in Table 3 . No decreases in functional connectivity were observed.
Discussion
In this study, we report brain structural and functional changes in nine adults with previous ZIKV infection with central nervous system manifestations compared to ageand sex-matched healthy controls. The absence of other major neurological or systemic conditions unrelated to the ZIKV complications between infection and scan time, and persistence of particular ZIKV-related neurological symptoms at time of MRI scan (Table 1) speak to a link between the neuroimaging observations and the ZIKVrelated neurological complications. We applied wholebrain analysis of volumetric differences in gray matter, and network-level analysis of rsFC. In the following, we will discuss our major findings: (1) the atypical Guillain-Barre syndrome presentation associated with ZIKV infection in adults, (2) gray matter volumetric changes in the comparison of PX versus CT, and (3) increased bilateral temporal intra-and interhemispheric functional connectivity in PX > CT. While future studies are required to identify potential mechanisms underlying these alterations and to characterize differences in how Zika-related GBS and GBS of other etiologies might impact the brain structure and function, we cautiously offer potential interpretations of our findings in the following discussion. Each finding will be discussed in the context of the following alternatives that might explain the observed results: (1) Primary CNS impact of ZIKV, either due to direct viral invasion of the CNS, or inflammation ensuing from systemic ZIKV infection, (2) Secondary changes related to peripheral deafferentation, or (3) Secondary changes related to cognitive alterations caused by the illness.
Atypical Guillain-Barre syndrome and CNS symptoms in adults with ZIKV Our patients had an atypical presentation of GBS, and further experienced CNS-related symptoms (Table 1) . Typical GBS includes an ascending pattern of acute progressive limb weakness and areflexia explained by exclusive PNS damage. 48 Interestingly, six patients presented facial diplegia (rare GBS variant 49 ) and descending weakness. This observation adds to reports of ZIKV-related GBS cases that follow a nontypical descending pattern. 10 Remarkably, the onset of the neurological symptoms occurred shortly after the Zika infection (Mean = 8.8days); contrastingly, GBS symptoms usually occur from 2 to 4 weeks following an antecedent infection. 48 This is in line with the report of parainfectious rather than the typical postinfectious GBS onset in about 50% of investigated ZIKV patients. 6, 9 In addition, the motor symptoms were abruptly disabling, extending prior reports of a rapid progression. 6 This observation contrasts typical GBS: gradually manifested motor impairment, moving from ascending mild sensory loss within several days to weeks. 33 Furthermore, our EMG/ NVC findings are suggestive of predominantly axonal damage, which deviates from typical GBS. 50 Variations in GBS are usually associated with nonclassical pathophysiological features (e.g., type of nerve fibers affected, type of injury), commonly explained by the presence of antibodies to myelin glycolipids which are indicative of humoral autoimmunity. 49, 51 Therefore, the above-described indications of atypical GBS presentations alongside CNS-symptoms in our patients may reflect an atypical pathophysiological mechanism (e.g., potential exaggerated/aggressive immunological response). In summary, our observations demonstrate the potential of ZIKV to cause a GBS variant and lead to CNS symptoms in adults, motivating future investigations into the pathophysiological mechanisms (autoimmune response involving specific anti-myelin antibodies). Because of the lack of a control group of GBS patients with non-Zika etiology, the following neuroimaging discussions are to be interpreted in the context of a polyradiculopathy versus healthy controls. Table 3 . Implicated regions in the network of increased connectivity in ZIKV patients (t-test Patient > Controls, single connection threshold T ≥ 3.6, P < 0.05, NBS-corrected, l = left hemisphere, r = right hemisphere). 
Region labels are provided by the Destrieux atlas. Nodes with particularly large numbers of connections within the significant cluster are highlighted in bold face. 
Gray matter volumetric changes
The CNS symptoms in our patients call for an investigation of how such symptoms manifest in the brain. Furthermore, to the best of our knowledge, no study has investigated the impact of PNS symptoms from GBS of any etiology on brain gray matter volume. In this study, we demonstrated gray matter alterations in a polyradiculopathy. In general, gray matter volume reductions likely reflect neuronal reorganization, reduced number of synapses, necrosis, or loss of cell density. 38 Consistent with the motor impairments, our patients, compared to healthy controls, exhibited reductions in gray matter in cortical regions involved in motor processing (bilateral SMA). These findings support the idea that prolonged decrease in peripheral motor action and somato-motor neural input negatively impacts gray matter volume. Notably, the SMA volume reductions correspond to left and right FEFs, key cortical nodes of the oculomotor system and, furthermore, core components of the Dorsal Attention Network underlying spatial attention. 52 An alternative interpretation could be that a temporary inflammatory injury of the FEFs may underlie diplopia observed in 6 of our patients, and may further exasperate perceptual deficits (e.g., dysmorphopsia and prosopagnosia) due to the role of this region in guiding visuo-spatial attention.
Importantly, regions beyond motor areas were also altered. These alterations comprised both volume decreases as well as increases in our subacute patients. Short-term volumetric increases may occur early in neuro-inflammation, 25 whereas long-term increases may reflect augmented synaptogenesis, the input of a constant stimulus, or neural hyperactivation. 38, 39 We found gray matter volume reduction in right inferior frontal sulcus. From a network perspective, the particular location found to be reduced in this study is part of the Cingulo-Opercular network, which is implicated in maintaining tonic alertness. 53 Conversely, patients showed increases in gray matter volume in the right middle frontal gyrus. Interestingly, the middle frontal gyrus particularly in the right hemisphere has been proposed as the convergence center across the Dorsal Attention and Ventral Attention networks (see review by 54). Furthermore, several clinical studies have demonstrated that alterations in the right middle frontal gyrus (including the specific locus observed in this investigation) are linked to deficits in reorienting attention and spatial neglect. 55, 56 Notably, all the observed nonmotor areas seem to play a key role in higher cognitive control, including top-down modulation of visual attention. Thus, their volumetric changes may be associated with the reported perceptual deficits.
Increased distributed functional connectivity in PX > CT
We observed a network of functional connectivity increases that were primarily centered on the right temporal lobe, and further extended to interhemispheric connections between the right and left temporal lobes. The distinctive anatomical and physiological features of the temporal lobes, such as presence of limbic and allocortical structures, make them particularly vulnerable to certain infectious, inflammatory and neurodegenerative diseases (see review 57). For instance, HSE predilection for the temporal lobe has been extensively documented, 58 and there are many other causes of Temporal Lobe Encephalitis associated with several infectious or noninfectious (e.g., autoimmune) etiologies. 59 Our functional connectivity observations thus support the hypothesis that ZIKV leads to an impact on CNS function, at least during the subacute phase.
A very broad range of neurological disorders are known to show a common pattern of large-scale functional connectivity changes: compensatory or dedifferentiation processes linked to increased functional connectivity at disease onset, followed by slowly decreasing connectivity in the subacute phase, and normalizing connectivity in the recovery phase. 28 This pattern is in line with our observed widespread connectivity increases in ZIKV during the subacute phase not yet having recovered to normal connectivity levels. Furthermore, increased functional connectivity has been linked to a fallback to structural connectivity in epilepsy patients, 44 anesthetized monkeys and at sleep onset. 60 Therefore, widespread increase in connectivity might point to reduced flexibility of brain function, and a limited functional repertoire. 61 In our patients, this suggested loss of functional flexibility is supported by the various perceptual abnormalities observed. This interpretation is especially compelling in light of the role of temporal cortices in uni-and multi-modal sensory processing and perceptual awareness.
Limitations
The rare subset of patients with CNS manifestations makes up a small proportion of adults with ZIKV infection, leading to a weakness of the current study in terms of the small number of patients. Despite this small number however, using different techniques (VBM and rsFC) we provide preliminary functional and structural evidence of consistent impact on the brain in a homogenous patient group.
Furthermore, this study is the first case-control neuroimaging study not only in adults with ZIKV, but also in patients with GBS-like presentation of any other etiology. As such, we are providing the first data point that, due to its novelty, does not permit important comparisons with other patient groups. The ideal control population for our patients would consist of GBS cases of non-ZIKV etiology; however, GBS due to other causes is too infrequent to make recruitment feasible. While we may not claim that the observed results are exclusively related to atypical GBS, that is, dissociating contributions from GBS in general versus atypical manifestations specifically, we can draw conclusions about brain alterations linked to the full clinical profile.
Another consideration is that data were acquired in the subacute phase (5 AE 0.5 months since onset of neurological symptoms), such that normalization as well as compensatory mechanisms may have taken place between the acute infection and the MRI scans. Future comparisons with data from ZIKV patients of comparable clinical profile in the acute phase (i.e., within 2 weeks of onset) will support a dissociation between direct impact on the CNS (acute phase), versus late effects secondary to PNS weakness. Furthermore, future studies should consider follow up scanning (e.g., at one year post-onset) in order to determine whether our findings persist in the recovery phase of the GBS.
Conclusions
Taken together, our clinical observations comprised atypical descending and rapidly progressing PNS manifestations, and additional CNS neurological deficits. These observations strengthen prior evidence that ZIKV can cause a variant that deviates from the typical GBS profile. Whether GBS should be considered a variant in all or rather a subset of ZIKV patients with GBS-like symptoms is an open question. This question has momentous implications, for example, for choice of medication, where current recommendations for treatment of ZIKV-related neurological complications correspond to those for traditional GBS (immunoglobulin and plasmapheresis).
The deviation of neurological complications of ZIKV from typical PNS-only manifestations urgently calls for a characterization of potential impact on the CNS. In this first case-control neuroimaging study in adult ZIKV patients, we report impact on the brain both in gray matter volume as well as intrinsic functional organization. While some gray matter reduction occurred in motorrelated regions likely secondary to prolonged PNS weakness, nonsomatomotor regions were also altered, indicative of PNS-independent effects. Intrinsic functional architecture measured by resting-state functional neuroimaging revealed increased functional connectivity in patients in line with compensatory or dedifferentiation processes. The connectivity changes were centered within and across temporal cortices, structures particularly vulnerable in a range of neurological conditions, and possibly linked to perceptual deficits.
To summarize, in studying a subset of severely affected adult ZIKV patients, our observations of CNS neurological deficits, volumetric changes especially outside of somato-motor areas, and changes of the intrinsic functional architecture centered on temporal lobes and insulae, demonstrate that the systemic infection can impact the brain. This highlights the urgent need for future studies into the underlying mechanisms to dissociate a possible direct viral infection of the CNS from an immunemediated systemic response.
